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ABSTRACT 

The City of Lubbock, Texas has long been a leader in the conception 
and implementation of water reuse plans. For more than 51 years the 
city·s treated municipal effluent has been used for irrigation. Now 
it is planning to use recovered percolated effluent as makeup water for 
a series of small recreational lakes built within the city. To insure 
that this second beneficial reuse of the water will be successful, 
model studies have been conducted in which nine common-wall concrete 
ponds simulated the proposed lakes and in which a similar source of 
percolated reused effluent served as makeup water. These model studies 
determined that the lakes will be suitable for fish life and for recrea
tional contact but that careful management will be necessary if objec
tionable blooms of algae are to be avoided. Studies were also undertaken 
which established the critical phosphorus concentration for algal growth 
as well as the availability and probable manner of cycling of phosphorus 
within the lakes. These results will be valuable not only to the City 
of Lubbock in its operation of the lakes but also to other municipali
ties which wish to derive maximum benefits from their limited water 
supplies. 
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The Canyon Lakes Project 

CHAPTER I 

INTRODUCTION 

On May 11, 1970, the City of Lubbock, Texas, was stricken by a 
disastrous tornado. Twenty-six people were killed in the massive 
storm. Hundreds more were injured. Property damage amounted to more 
than 11 percent of the city's tax base. After the disaster, numerous 
projects were undertaken to rebuild the community physically and eco
nomically. Among these, the Canyon Lakes Project is notable not only 
as an economic, recreational, and aesthetic boom to the community but 
also as an innovative experiment in the multiple reuse of municipal 
wastewater. 

Lubbock, Texas (population 170,000) is located at an elevation of 
3,200 feet on the West Texas High Plains. Its flat, featureless environs 
receive only 18 inches of precipitation annually while potential evapo
transpiration exceeds six feet. The thriving agri-business of the 
region can exist in this semi-arid climate partly because mining of the 
Ogallala aquifer has thus far provided supplemental water for irrigation. 
When the aquifer is exhausted, as it will be within 20-30 years in many 
localities, a return to dryland farming will be necessary. Since only 
oil and gas are more important to the area's economy than agricu1ture~ 
the impact of this reversion will be great. 

While water is deficient and becoming more scarce in the Lubbock 
area, the demand for water-based recreation is great and growing along 
with the area's population. There are only three small lakes, one pri
vate, within a sixty mile radius of the city. This disproportion be
tween Lubbock's interest in water-based recreation and its opportunities 
to indulge that interest prompted the City Planning Department to propose 
a large intra-city park containing a series of recreational lakes. The 
lakes were to be impounded in Yellowhouse Canyon, a shallow canyon 
containing a normally dry watercourse which diagonally bisects the city. 
The 1,371 acre linear park (Figure 1) was to include facilities for 
picnicking, hiking, wildlife observation, scenic driving, and cycling. 
Water sports were also anticipated, their nature being dependent upon 
the quality of the lakes' makeup water. The tornado provided the 
impetus for the project to get under way. Federal grants (principally 
from HUD and BOR) and revenues from city bond sales were committed to 
the Canyon Lakes Project. It only remained to find a suitable source 
of makeup water . 

Since 1925, Lubbock's treated sewage effluent has been used by a 
local farmer for irrigation. Over the years, so much more secondary 
effluent has been applied to the land than the crops could utilize that 
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the water table has risen to within a few feet of the surface beneath 
this farm. The percolated effluent has been found to be clear, cool, 
colorless, odorless, and tasteless. It meets primary contact require
ments for coliform bacteria and viruses have never been isolated from 
it. Freese, Nichols, and Endress, Consulting Engineers of Fort Worth 
concluded that of all possible sources of makeup water for the lakes, 
this percolated effluent best satisfied the requirements of quality, 
quantity, and economy (1). This water, along with any contributions 
from urban runoff, will serve as the sole water supply for the lakes. 
A well field has been completed on the sewage farm and pipelines to 
the newly constructed impoundments are nearing readiness. The Canyon 
Lakes Project will soon become the first serious attempt to utilize 
such a water supply for recreational lakes. The recovered percolated 
effluent will be undergoing a third cycle of beneficial use. 

The Model Studies 

With proper management, the Canyon Lakes will substantially improve 
the aesthetic quality of the city. The canyon which the new lakes will 
occupy has been used as a convenient dumping ground for 70 years by city 
residents. Its commercial and industrial neighbors have had little 
incentive to maintain their facilities in an attractive condition. New 
construction and better upkeep of existing plants is expected once the 
park is established. However, the sight and smell of profuse algal 
growths or other noxious water conditions could negate these beneficial 
effects. To avoid such an outcome, the City of Lubbock enlisted the 
Water Resources Center of Texas Tech University to conduct studies which 
would identify any potential problems in the lakes' management and which 
would develop appropriate strategies for their control. 

With the aid of OWRR Grant No. 14-31-0001-9043, the Water Resources 
Center built a model of the Canyon Lakes consisting of nine common-wall 
concrete tanks measuring 16' x 8' x 6' deep. Beginning in September, 
1972, Tech researchers began using this model system to simulate the 
future operation of the actual lakes. The University was especially 
well suited to conduct this simulation because it had, under the Tech 
farm, a source of makeup water similar to that for the prototype. 

After operating the model lakes for about fifteen months, the Water 
Resources Center was able to predict that the recovered percolated 
effluent would be a suitable source of makeup water for the lakes, that 
skillful management would be necessary if nuisance algal blooms were to 
be minimized, and that the lakes would be able to support a variety of 
desirable fish species. It recommended that means of predicting blooms 
be developed and that the potential of Tilapia (a tropical perch) for 
the biological control of algae be further explored. 

The model studies have been continued for an additional two years 
under contract with the City of Lubbock and with the assistance of OWRT 
Matching Grant No. 14-31-0001-5205 in response to these recommendations 
and in order to evaluate, (1) the suitability of the reclaimed water 
for growing other edible and game fish, (2) the danger, if any, to the 
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public due to viral transmission through the soil, and (3) the possibility 
that the reclaimed water could be used for higher priority purposes. This 
report presents the results of and the conclusions from these further 
studies. 



Recreational Reuse 

CHAPTER II 

REVIEW OF LITERATURE 

The feasibility of recreational reuse of treated municipal waste
water has been demonstrated many times. The three largest such projects, 
in Tahoe, Lancaster, and Santee, California, have been especially effec
tive in reassuring the public about the safety and desirability of waste
water reuse. The Tahoe and Lancaster projects are similar in that each 
performs tertiary chemical and physical treatment of the effluent before 
it is reused. The Santee project is notable because it utilizes recov
ered percolated effluent. 

Early in the 1960 1s, it became apparent that the beauty of Lake 
Tahoe was being threatened by the profusion of resort and recreation 
areas developing around its shores. Although the lake1s waters are ex
traordinarily deep and pure, the many discharges of sewage into it would 
eventually have caused its eutrophication had the South Tahoe Public 
Utility District not acted. The District built the first full-scale 
treatment facility in the United States which produced an effluent suit
able for immediate domestic reuse (3,4). The effluent of this plant is 
clear, colorless, and odorless. Its content of phosphorus and nitrogen 
is sufficiently low to inhibit the growth of algae. However, even this 
excellent water is not returned to the lake. California and Nevada 
state laws require that it be pumped completely out of the Tahoe Basin 
through 27 miles of pipeline. Indian Creek Reservoir, which receives 
the water, teems with rainbow trout and serves as a popular facility for 
water-based recreation in the region (5). 

Lancaster, California, is located on the edge of the Mojave Desert. 
The town depends upon a diminishing supply of groundwater for both irri
gation and domestic needs. Since rainfall averages less than three 
inches annually in a region where evapotranspiration could remove more 
than 100 inches in the same period of time, nearby lakes are few and 
often ephemeral. Lancaster was able to build three lakes with a total 
area of nineteen acres within an old borrow pit near the town (6). For 
makeup water, it used treated municipal wastewater. 

The makeup water for the Lancaster lakes undergoes primary treat
ment and then stabilization in a series of oxidation ponds. The effluent 
from the ponds then receives tertiary treatment: coagulation with alum 
sedimentation, filtration through a dual medium of sand and anthracite, 
and chlorination. The phosphate concentration of the water is lowered 
from 45 mg/l to a level which inhibits algal growth. Were this not done, 
rapid eutropication of the lakes would occur. Pilot studies indicated 
that the water would support bass, bluegill, and catfish. 

Algal growth was inhibited at 0.5 mg/l phosphorus and essentially 
stopped at concentrations below 0.05 mg/l phosphorus (6). However, only 
inhibition could be economically achieved through treatment of the make
up water. 

5 
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In 1959, Santee, California, chose to renovate its treated waste
water for use in recreational lakes (7). The effluent was polished in 
stabilization ponds, allowed to percolate down through the soil, pumped 
back up, and then chlorinated. Percolation through the soil was found 
to be highly effective in removing viruses and coliforms of human origin 
(both prominent in the effluent prior to the soil treatment). Tilapia, 
bass, sunfish, and shad all lived successfully in the lakes utilizing 
the recovered percolated effluent. Some fish kills occurred when oxygen 
was depleted by blooms of Anabaena and Microcystis which accompanied the 
gradual eutrophication of the lakes. 

Eutrophication 

Eutrophication is defined as the process of maturation of a lake 
from a nutrient-poor to a nutrient-rich body of water (8). As eutrophi
cation proceeds, the water of a lake becomes enriched with inorganic 
nutrients and compounds which serve as food sources for algae and other 
aquatic plant life. When the supply of such nutrients reaches some 
critical level (which is a function of many factors such as temperature, 
pH, chemical composition, and depth of a lake), excessive growths of 
algal populations known as blooms may occur. These blooms may them
selves be unsightly and they may interfere with boating, fishing, and 
swimming (especially if filamentous). When sufficiently profuse, blooms 
may reduce photosynthesis in a lake by physically blocking out light. 
However, some of the worst effects of blooms are indirect. Blue-green 
algae produce odoriferous and toxic secretions. Many green algae and 
diatoms produce scums often accompanied by disagreeable odors. Some 
algae may produce allergic reactions (1). Death of blooms frequently 
leads to sudden depletions of dissolved oxygen in a lake which produce 
catastrophic fish kills. Game fish are generally more vulnerable to such 
catastrophic events than are the more coarse species (10). 

While algal blooms are often the most obvious evidence of a lake's 
eutrophication, there are many other useful indices of change brought 
about by nutrient buildup (11). One of these is changes in the vertical 
distribution of oxygen. As eutrophication advances, the oxygen content 
of the hypolimnion characteristically falls. Light transmittance declines. 
The lake becomes shallower and more regular in outline. The appearance, 
disappearance, or relative abundance of various organisms may also be sen
sitive indicators of nutrient enrichment. 

The two nutrient elements most often associated with algal growth are 
nitrogen and phosphorus. Optimum nitrogen concentrations for growth appear 
to lie in the range from 1-7 mg/l. Concentrations below 0.2 mg/l do not 
support growth (12). Optimum concentrations of phosphorus range from 0.1 
to 2.0 mg/l. Growth is no longer possible below about 100 ~g/l (13). 
Concentrations of either phosphorus or nitrogen above 20 mg/l have been 
observed to inhibit algal population increase. 

It is not clear whether phosphorus or nitrogen is the more impor
tant. Some studies have implicated one; others, the other as the cause 
of enhanced algal growth. Similarly, there is little agreement regarding 
the significance, if any, of the nitrogen to phosphorus ratio. Some in
vestigators consider it decisive, others suspect that other factors such 
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as the presence or absence of vitamins or trace minerals may often super
cede the effects of either nutrient in whatever ratio (12). 

There are several means of controlling eutrophication. Diversion of 
nutrient-laden inflows to less vulnerable bodies of water, actually chang
ing the chemistry of the affected lake by such procedures as prevention 
of thermocline formation, and mitigation of the problem by skillful land 
use planning have all been successful in specific cases. Nutrient-rich 
sediments can be physically removed as can algae or rooted aquatic plants 
if the offending nutrients have already reached the lake. Certain fish 
such as the white amur (14) and Ti1apia can control algae as can a1gi
cides. It is noteworthy that the use of a1gicides is only palliative. 
The nutrients which led to the blooms are still present and will be re
leased as the poisoned algae decay. 

Role of Phosphorus 

The makeup water for the proposed Canyon Lakes is high in nttrates; 
but, due to soil removal, low in phosphorus (2). It therefore seems 
probable that phosphorus levels may be decisive in determining whether 
the benefits of the proposed project will be compromised by undesirable 
eutrophication. 

Phosphorus is not simply an essential element for plant growth, it 
frequently has the distinction of being the limiting element as well (15, 
16, 17). Early work indicated that 0.1 mg/l was the limiting phosphorus 
concentration for algal growth (18). Later studies have shown that limit
ing concentrations are probably specific for algal species and growth con
ditions (19,20,21). But whatever the critical values may be, phosphorus 
is the Ilkey aquatic plant nutrient ll in most fresh waters (22). 

There is a great deal of literature emphasizing the importance of 
phosphorus inflows in accelerating eutrophication. Hasler (23) and Saw
yer (24) showed that algal productivity is greatly influenced by the 
availability of phosphorus in the water. Several investigators have 
associated inflows of nitrogen and phosphorus into a lake with that 
body1s subsequent eutrophication (25). Shapiro and Riberio (26) observ
ed that the productivity of blue-green and green algae in the Potomac 
River was greatly stimulated by the effluent of a secondary waste treat
ment plant. Similarly, Sonzogni and Lee (27) showed that eutrophic con
ditions in the Madison Lakes were dramatically reduced when domestic 
wastewaters were diverted elsewhere. They attributed this improvement 
to reduced phosphorus concentrations. 

All phosphorus entering a body of water is not immediately available 
for algal growth. Phosphorus is taken up not only by algae, but also by 
bacteria. Sediment may act as a trap for incoming phosphorus because of 
its adsorptive properties. The allocation of phosphorus within a lake is 
further complicated by the constant interchanges of the element made pos
sible by organisms I death and decomposition and by desorption from the 
sediment. 

Phosphorus is available in several forms as a nutrient for algae or 
higher aquatic plants; orthophosphate, complex inorganic phosphates, and 
organic phosphates. Orthophosphate appears to be the most easily utilized 
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form (28); meta- and po1yphosphates are less efficiently used (29). Galla
way and Kraus (30) have shown that pureCh10re11a cultures grow equally 
well with orthophosphate or with polyphosphate phosphorus. This is pos
sibly explained by the slow breakdown of pol¥phosphates into the more 
readily available orthophosphate form (31,32). 

Another factor obscuring the effects of phosphorus inflows upon 
algal growth is the phenomenon of luxury consumption. When phosphate 
concentrations are high, many species of algae are able to take up and 
store phosphorus which is then available to support growth when water 
concentrations of the nutrient are low (33). Microcystis aeruginosa 
has been proved capable of increasing its cell mass 300 percent in a 
phosphorus-depleted medium, provided it first had the opportunity to 
accumulate the nutrient from a phosphate-enriched culture solution (16) . 
Aside from protecting the algae against periods of low phosphate avail
ability, luxury uptake may also represent an energy storage mechanism for 
the organisms. Kornberg (34) has described algal enzymes capable of rever
sibly transferring phosphate from ATP to polyphosphates. 

When algae die, they release phosphorus, regenerating the supply of 
this nutrient in the lake. Regeneration occurs according to two patterns 
which are described as proportional and excess (35). Proportional regene
ration occurs when algae which have been growing in nutrient-poor waters 
die. Phosphorus release is proportional to the extent of cell decompo
sition. Excess regeneration occurs when algae which have luxuriously 
consumed phosphours die. The stored phosphorus is loosely bound and will 
be released immediately and independently of decomposition. Some (fre
quently large) portion of the phosphorus which was actually incorporated 
into algal protoplasm may not be regenerated. This occlusion of nutrient 
within refractory particulate matter may be caused by bacterial action (36). 

The role of sediments in the phosphorus metabolism of lakes is little 
understood. The ability of sediment to adsorb and release phosphorus is 
undoubtedly among the most important factors determining that nutrient's 
concentration in a lake (37). However, it is not yet known whether lithe 
sediment of a lake acts as a sink in which the majority of the phosphorus 
present is refractory, or whether the sediment acts as a buffer in which 
phosphate concentrations in the overlying water are controlled by sedi
ment-water exchange reactions" (38). Studies supporting each poss;bi~ 
lity have been published (39,40). 

There are many factors which affect the cycling of phosphorus in 
the sediment where such cycling has been demonstrated. A major factor 
determining the tenacity with which adsorbed phosphorus is held is soil 
type. Shukla, et. a1. have reported that non-calcareous sediments sorb 
more phosphate than-Calcareous sediments and that sorption by calcareous 
sediments is inversely proportional to the water's calcium carbonate con
tent (41). The pH of the sediment may also affect phosphorus exchange by 
sediments (42). Concentrations of iron, aluminum, and calcium in sedi
ment are pH dependent. Slightly acidic environments are characteri zed 
by iron or aluminum phosphates; alkaline environments, by ca1cuim phos
phate . Mixing is a third important determinant of phosphorus exchange 
rates and may even be rate-detennining (43). Where mixing does not occur, 
the rate-controlling process is diffusional transport through the inter
stitial waters (44). A final factor affecting phosphorus availability 
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from sediment is the oxidation-reduction state of the lake. Phosphorus 
release reaches a maximum under anaerobic conditions (45). This may be 
caused by the reduction of ferric to ferrous iron. 

The availability of radioactive phosphorus has made phosphorus cycl
ing studies much more effective. Rigler (46) studied phosphorus cycling 
in Lake Toussaint as well as in the laboratory using 32p. Most of the 
32p which was siphoned into the lake to begin the experiment was taken 
up by bacteria and algae, 50 percent within three days. This amount of 
redioactivity remained fairly constant in the microflora, indicating 
that an equilibrium among water, sediment, bacteria, and algae had been 
attained. Laboratory studies revealed bacteria and algae competed for 
phosphorus, bacteria being responsible for most of the turnover (46). 
The work of Hayes and Phillips (47) emphasized the importance of bacteria 
in phosphorus uptake. These experiments indicated that bacteria control 
the availability of phosphorus in aquatic systems in two ways. First, 
phosphorus release from sediment is accelerated by the action of bacteria 
in the mud. Second, water bacteria are able to take up 32p very rapidly 
and then to withhold it from the sediment and from other plants by incor
porating it into organic forms. This latter characteristic of bacteria 
enables them to outstrip higher plants in the competition for phosphorus 
(47) . 

Nutrient Inactivation 

One of the techniques being developed for the restoration of eutro
phied lakes is nutrient inactivation. Precipitation of phosphate with 
Al (III), Fe (III), and Ca (II) ions has been accomplished in advanced 
wastewater treatment systems for some time. All of these ions react in 
water to form flocs which chemically bond or physically adsorb phosphorus 
while also entrapping organic phosphorus to some degree (48). When this 
technique is extended to eutrophied lakes, only Al (III) seems appropri
ate. Ca (II) is ineffective below pHs of about 9. Fe (III) is too eas
ily reduced to Fe (II) under anaerobic conditions (Fe (II) phosphates are 
soluble) . 

The first attempt to restore a eutrophied lake by removing phosphorus 
with aluminum was at Lake Langsjon in Sweden (49,50,51). The experiment 
was a success. Phosphorus concentrations fell, the oxygen content of 
the bottom waters increased, and phosphate release from the bottom sedi
ments diminished. Horseshoe, Long, Snake, and Pickerel Lakes in Wiscon
sin were treated experimentally during the early 1970's (52,53). Phos
phorus concentrations fell, transparency increased, blooms failed to 
develop, and the lakes exhibited healthier oxygen progiles. An experi
mental pond near Corvallis, Oregon also responded favorably when treated 
with alum in 1971. Phosphate levels were relatively unaffected, but 
nuisance algae blooms were greatly reduced (48). 

The success of these pioneering experiments prompted Peterson, et. 
al. (48) to undertake a laboratory study to evaluate the effectiveness 
of a variety of cations (aluminum, tungsten, titanium, zirconium, zir
conyl, and lanthanum rare earths) in removing phosphorus from pond water 
and from AAP growth medium. Where phosphorus removal was achieved, the 
resultant diminution of the water's algal growth potential was also 
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determined. Removal efficiencies were dependent upon pH (only lanthanum 
rare earths and zirconium compounds were effective above pH 8.), upon 
medium composition, and upon the molar ratio of inactivant cations to 
phosphate ions. Zirconium was especially effective, reducing phosphate 
concentrations to low levels and maintaining them there. Other investi-
9ators had described toxic effects of some of the inactivants tried 
{specifically aluminum (54) and zirconium (55». When Peterson, et. !l. 
(48) conducted toxicity studies with the more successful inactivants of 
their study, they observed serious toxic effects (at the concentrations 
used for inactivation) only in the case of an impure lanthanum rare earth 
preparation. 

Peterson, et. !L. described removals from water with initial phosphorus 
concentrations of 1 m9/1 and with 30-40 mg/1 hardness (pond) and 15 mg/1 
hardness (AAP medium (56». 

Qua 1 i ty of ~1akeUD Water for the Canyon Lakes 

Prior to land application, Lubbock's municipal effluent receives 
secondary treatment followed by chlorination. It is then pumped to Frank 
Gray's farm and stored until needed. The average quality of this effluent 
is presented in Table 1 (1). 

Percolation through the soil improves the quality of the water. Five 
day BOD, phosphorus, and fecal co1iforms are very much reduced in the per
colated effluent recovered from the farm's wells. This is in accordance 
with soil filtration's reputation as an effective means of wastewater 
treatment (57). However, total dissolved solids, hardness, and nitrate 
concentration increase during the percolation of the effluent through 
the soil. The average quality of the water from the twenty seven wells 
that have been drilled on Gray's farm is presented in Table 2 (61). The 
dramatic removal of phosphorus which occurs is a common result of perco
lation through clays or calcareous soils (58). S011s in the Lubbock 
area are very calcareous and have a practically inexhaustible capacity 
to react with and remove phosphates from water. 

Nitrate concentrations in the well water are very high and could 
pose a threat of eutrophication in the proposed lakes were urban runoff 
to remove the probable brake on algal growth exerted by the makeup water's 
low phosphorus content. 
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TABLE 1. PROBABLE AVERAGE QUALITY OF ACTIVATED SLUDGE EFFLUENT AT THE 
SOUTHEAST RECLAMATION PLANT (l) . 

Dissolved Oxygen (DO) 
pH 
Fecal coliform MPN per 100 m1 
Five-day BOD 
Organic nitrogen (as N) 
Ammonia nitrogen (as N) 
Nitrate nitrogen (as N) 
Total phosphorus (as p) 
Total organic carbon (TOC) 
Total dissolved solids (TDS) 
Total hardness (as CaC03 ) 
A1 ka1 inity 
Suspended solids 
Virus 

2.0 mg/1 
7.4 

< 200 
17.5 mg/l 

3 mg/1 
8 mg/1 
3 mg/1 

12 mg/1 
20 mg/1 

1 ,250 mg/1 
290 mg/1 
250 mg/1 

< 20 mg/1 
Probably present 

TABLE 2. AVERAGE QUALITY OF WATER FROM WELL FIELD ON GRAY FARM (61) 

AVERAGE MAXIMUM MINIMUM 

pH 7.42 7.02 
Total Hardness (as CaC03 ) 693 996 464 
Total Alkalinity (as CaC03 ) 337 460 244 
P. Alkalinity (as CaC03 ) 0 0 0 
Carbonates 0 0 0 
Bicarbonates 411 573 298 
Calcium 127 195 82 
Magnesium 92 124 47 
Sulfates 297 468 196 
Chlorides 406 570 304 
Fluorides 3.8 5.8 2.2 
Potassium 16 21 11 
Nitrate - N 20 34 3.2 
Total Phosphates . 12 1.56 < .05 
Silica 86 103 51 
Sodium 269 361 137 
Carbon Dioxide 46 80 25 
Total Dissolved Solids 1,798 2,155 1,487 



Canyon Lakes Model 

CHAPTER III 

EXPERIMENTATION 

For the last 14 years, effluent from a small activated sludge 
treatment plant located in northwest Lubbock has been used for irriga
tion on the Texas Tech University farms. This effluent, which is 
similar to that reaching the Gray farm except for having a much higher 
concentration of TDS, is stored temporarily in two unlined holding 
ponds with a combined capacity of twenty-five acre feet. The flow to 
these ponds has increased from 150,000 gallons per day in 1962 to over 
a million gallons per day today. Water from these ponds has been used 
successfully both for agricultural research and for crop production. 
However, since the needs of crops are limited in quantity and are 
distributed unevenly over the year, much of the water delivered to Tech 
either infiltrates the bottoms of the ponds, evaporates, or, probably 
most importantly, overflows onto the brushy area immediately east of 
the storage ponds. The ponds provide only about eight days of storage 
capacity. 

Over the years, this large quantity of water entering the ground 
under or near the ponds has raised the water table some sixty feet, to 
within about forty feet of the surface. Water recovered from a small 
well near the southeast corner of the storage ponds, has a history and 
quality (Table 3) similar to that recovered from under Frank Gray1s 
farm. This similarity to the proposed Canyon Lakes makeup water prompted 
Texas Tech University researchers to develop and construct a model of 
the lakes using this water. 

The model system (Figures 2, 3, and 4) consists of nine common-wall 
concrete tanks each 16 1 by 81 by 61 deep. Six inches of soil were 
placed in the bottom of each to simulate lake bottom. The nine ponds 
were interconnected in such a way that any desired flow pattern could 
be established by adjusting the valves (Figure 5). Hayes water meters 
at the inlets to each of the three western ponds allowed detention 
times in the ponds to be calculated and varied. 

Since the model ponds were filled in March of 1973, several species 
of fish have been placed in some or all of them. These species have 
included catfish (Icta1urus punctatus), bass (Micropterus sa1moides), 
tropical perch (Ti1apia sp.) and sunfish (Lepomis hybrids). To make 
the water livable for these fish it was necessary to install first 
splash (Figure 6) and then multiple tray (Figure 7) aerators at each 
of the water inlets. The unaerated water contained a lethal 64 mg/1 of 
carbon dioxide and only a very low concentration of oxygen. 
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TABLE 3. AVERAGE QUALITY OF WATER FROM WELL NEAR EFFLUENT POND ON 
TECH CAMPUS 

Parameter 

N02-N 
NH 3 -N 
Organic-N 
N03-N 
Total Dissolved Solids 
Hardness 
Ortho-Phosphate 
Dissolved Oxygen 
A1 ka1 inity 
C02 
Suspended Solids 
Total Colifonns 
pH 
COD 
Iron 
Copper 
Calcium 
Zinc 
Manganese 
Lead 
Nickel 
Cadmium 
Chromium 
Cobalt 

Concentration 

o mg/l 
o mg/l 
o mg/l 

5.4 mg/l 
2300 mg/l 
1350 mg/l 

.04 mg/l 
2.9 mg/l 
360 mg/l 
60 mg/l 
9 mg/l 

< 10/ml 
7.27 

91 mg/l 
< .05 mg/l 
< .05 mg/l 

37 
< 0.012* 
< 0.033* 
< 0.26* 
< 0.073* 
< 0.015* 
< 0.087* 
< 0.063* 

13 

*These values represent the sensitivity limits of the instrument below 
which concentrations of the elements may not be detected. 
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Effluent Holding Ponds 

4 7 

2 5 8 

3 6 9 

Figure 2. Layout of Pilot Scale Study. 
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Figure 4. Model of the Canyon Lakes 
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Figure 5. Flow Pattern. 



Figure 6. Splash Aerator 00 
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Figure 7. Multiple Tray Aerator 
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Water Analyses 

The water in the effluent holding ponds, the well water, and the 
water in each of the nine model ponds was analyzed periodically using 
the methods set forth in Standard Methods for the Examination of Water 
and Wastewater (59). The system was observed at frequent intervals in 
order to detect algal blooms and fish kills in time to associate them 
with their causes. The chemical parameters studied included COz , DO, 
COD, NO;, P04; TDS, TSS, Si, alkalinity, pH, and heavy metals.Micro
biological tests for coliforms were performed on a routine basis as 
were standard plate counts. 

C02 concentration was determined by titration with NaOH using 
phenolphthalein as an indicator. Dissolved oxygen was determined 
either by the azide modification of the Winkler method or with a Weston 
and Stack, Model 330 DO Analyzer. The dichromate method was used for 
COD determinations; the brucine method, for nitrate determinations; the 
stannous chloride method, for phosphate; and the molybdosilicate method, 
for silica. Alkalinity was obtained by titration, using methyl orange 
as an indicator. Nitrite was measured by diazolization; ammoniacal 
and organic nitrogen, by the Kjeldahl procedure. A Beckman 485 Atomic 
Absorption Spectrophotometer was used to determine trace metal concen
trations. 

Presumptive and confirmed tests for coliforms were conducted in 
order to learn the most probable number of these bacteria in the water. 
Coliform colonies were identified by the distinctive appearance of 
their colonies growing on EMB agar medium. Standard plate counts were 
performed as an estimate of the total bacterial populations of the water. 

Phosphorus Cycling Experiments 

Three experiments were performed to find the critical phosphorus 
level for algal growth in the water . Synthetic pond water containing 
all elements except phosphorus in the concentrations naturally occurring 
was prepared in ten gallon aquaria. The aquaria were then innoculated 
with 250 ml of a phosphorus-enriched algal culture or with 100 ml of a 
culture containing 2000 cells/ml. All systems were operated at room 
temperature under continuous fluorescent lighting (Sylvannia Gro-Lux 
tubes). Phosphate determinations were made daily. In the last experi
ment, algal biomass was monitored by filtering a 20 ml aliquot through 
a tared .45 ~m membrane filter, drying the filter at room temperature, 
and then weighing it. 

The algae for the first two experiments were obtained by filtering 
pond water (Pond 1) through a millipore filter and then resuspending 
the algae in a phosphorus-rich medium. The algae for the first experi
ment were predominately Chlorella; those for the second predominately 
diatoms. The innoculum for the third experiment was a pure culture of 
Chlorella vulgaris. Prior to introduction into the aquaria, the algae 
were centrifuged down and washed by resuspension in synthetic pond 
water several times. 
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All phosphorus cycling experiments were conducted under static and 
aerobic conditions in sterile one liter Erlenmeyer flasks. Each flask 
was fitted with a two-hole rubber stopper. Sterile air was introduced 
as shown in Figure 8, sterilization having been accomplished by passing 
the air through a one-inch diameter plastic pipe packed with sterile 
cotton and activated carbon. Sterile Tygon tubing was used to connect 
filter and flasks. 

The experimental system was operated under constant light at 
ambient temperatures. The water and sediment used were obtained from 
Pond 1 and autoclaved to achieve sterility. An axenic culture of 
Chlorella vulgaris served as a source of algae. 

Eight systems were studied. They were made up of the following 
components: 

1. Sterile, filtered pond water 
Sterile sediment 

2. Sterile, filtered pond water 
Sediment 

3. Filtered pond water 
Sediment 

4. Filtered pond water 

5. Sterile, filtered pond water 
Suspension of Chlorella vulgaris 

6. Filtered pond water 
Suspension of Chlorella vulgaris 

7. Sterile, filtered pond water 
Suspension of Chlorella vulgaris 
Sediment 

8. Filtered pond water 
Suspension of Chlorella vulgaris 
Sediment 

Filtered pond water contained bacteria but no algae. It was pre
pared by passing water from Pond 1 through several thicknesses of 
Whatman No. 5 filter paper. Two-hundred gm of sediment were used 
wherever sediment was included. 

In the first four systems, each flask contained 800 ml of filtered 
pond water and 100 ml of sterile S2P solution (K2H3~PO~) containing one 
microcurie/liter. Flasks 5-8 contained 750 ml of filt~r~d pond water, 
100 ml of sterile 32 p solution, and 50 ml of a bacteria-free suspension 
of Chlorella vulgaris. All flasks were stirred constantly with sterile 
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AIR IN + t AIR OUT 

--- ------------------

Figure 8. Experimental Set-up for Systems 1 - 8. 
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magnetic stirring bars so that representative samples of algae might be 
collected. In unmixed flasks the algae tended to settle out. 

The sediment was placed in bags of dialysis tubing and then 
suspended in the flask. This permitted diffusion of nutrients between 
the water and the sediment but prevented admixture of the two even when 
the water was vigorously stirred. 

32p uptake by the sediment was taken as the loss of the isotope 
from suspension between samp1in~ periods. Bacterial uptake was calcu
lated to be the difference in 3 P content of filtered (.45 ~m membrane 
filter) and unfiltered suspension in those systems which had no algae. 
Where algae were present, the difference between the 32p content of 
suspension filtered through Whatman No.5 filters and that of suspension 
filtered through .45 ~ membrane filters was interpreted as bacteria 
uptake. Algal uptake was the loss of 32p from suspension after filter
ing through Whatman No.5 filters. 

The filters, both Whatman and membrane, had a tendency to take up 
radioactive phosphorus. To minimize and then correct for this effect, 
all the filters were soaked in a saturated solution of KH2PO~ overnight 
and dried. Then the results of the experiments were corrected by a 
factor corresponding to the treated filters' average uptake of 32p 
(9.6 percent for membrane filters; 15 percent for Whatman filters). 

Samples were kept small to minimize changes in the relative quan
tities of sediment and suspension components as the experiment progressed. 
The actual 32p determinations involved 50 microliter samples dispersed 
in 10 ml of scintillation cocktail (Florally-formula TLA, Biosolve
formula BBS 3, and scintillation toluene). Samples were counted for 
five minutes with a Beckman LS-355 Liquid Scintillation System. 

Nutrient Inactivation Experiments 

Experiments attempting phosphorus removal by precipitation with 
zirconyl chloride, lanthanum chloride, lanthanum carbonate, and zir
conium tetrachloride were carried out both in the model ponds and in 
the laboratory. July 20, 1976, Ponds, 7, 8, and 9 were treated with 
zirconyl chloride, lanthanum carbonate, and lanthanum chloride respec
tively. The phosphate concentrations in the three ponds were deter
mined and then sufficient inactivant was added to each pond to produce 
a molar ratio (inactivant cation/phosphate) of six. This ratio produced 
close to 100 percent removals in the studies of Peterson et a1. (48). 
Algal growth was observed and phosphate concentrations were determined 
daily for the next two weeks. 

Laboratory studies utilized water from the well supplying the 
model ponds. This was adjusted to 1 ppm PO~3_p by the addition of 
K2HPO~. One liter samples of this solution were stirred at 100 rpm for 
five minutes after varying amounts of inactivant had been added. Inacti
vants included zirconyl chloride, lanthanum chloride, lanthanum carbonate, 
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and zirconium tetrachloride in quantities sufficient to produce 
inactivant/phosphate molar ratios ranging from 1 to 200. The inactivant 
was added in solutions (or suspension for the higher ratios) of no more 
than 10 m1. 

After inactivant and phosphate had been mixed for five minutes at 
100 rpm, they were mixed an additional thirty minutes at 20 rpm. When 
the mixing had been accomplished, thirty more minutes were allowed for 
settling before the supernate was filtered through a prewashed .45 ~m 
membrane filter. The phosphate concentration of the filtrate was 
determined by the stannous chloride method. 

Viral Assays 

Two sets of experiments were conducted to determine whether viruses 
were present in either the effluent holding ponds or the well water. 
Three strains of E. coli which had previously been isolated from Lubbock 
sewage (E. coli (B), E. coli (25933), and E. coli (wild type)) and six 
strains of bacteria (coliform and non-coliform) which had been isolated 
from the holding ponds themselves were utilized as hosts for the first 
set os viral studies. One liter samples of well water and of pond water 
were separately and qualitatively assayed for viruses specific for each 
of these nine strains of bacteria. 

A second set of assays was conducting using viral concentration 
procedures. First the gauze pad method described in Standard Methods 
(59) was attempted. Strips of cheesecloth tied loosely together were 
anchored at three different sites in the south holding pond. After 
seven days the swabs were collected in plastic bags for analysis. 
Viruses in the well water were concentrated by passing the water through 
a sterile plastic column packed with cheesecloth. After well water had 
run through the column for 72 hours, the gauze was collected in a plas
tic bag. 

A plaque assay technique was used to analyze the samples. The 
viruses were eluted from the cloth with NaOH at a pH of 8 or higher. 
The e1utate was centrifuged to remove bacteria and debris. Then one m1 
samples were placed in trypticase soy broth inoculated with a dense 
cell suspension of phage-sensitive E. coli (B). The broth was mixed 
well and then poured over a layer of trypticase soy agar. After twenty
four hours of incubation, the plates were examined for plaques. 

Water samples were also incubated in suspensioffiof E. coli cells 
for several days prior to analysis. This procedure ought also to 
increase the titer of viruses in the samples and thus facilitate 
qualitative assay. 



Water Analyses 

CHAPTER IV 

RESULTS AND DISCUSSION 

Water quality analyses of the water from the south effluent 
holding pond, the well, and the nine model ponds have remained fairly 
consistent throughout the study period. The average alkalinity of the 
water has increased slightly since the first two years of the project; 
nitrate concentrations have decreased. The remaining water quality 
parameters have remained essentially constant. 

Table 4 presents the dissolved oxygen data which were collected 
during this second phase of the study. The samples were taken approxi
mately two feet below the surface. Dissolved oxygen levels usually 
increased as the water passed through each series of ponds. Carbon 
dioxide concentrations diminished. However, al~al blooms frequently 
disrupted this pattern. 

Table 5 presents pH measurements made in the system. Dissolved 
oxygen and pH readings were highly correlated (.88 based on a sample 
of 92 paired determinations). The source of this relationship is 
probably the activity of algae which produce oxygen and consume carbon 
dioxide (ultimately raising the pH of the water). 

Total dissolved solids determinations are presented in Table 6. 
Since the TDS concentration of the well water is so high relative to 
any changes in dissolved solids concentration which biological activity 
might bring about, it is likely that the small fluctuations present 
derive from unequal detention times and thus unequal evaporative concen
tration of salts in the model ponds. Perhaps the minor differences in 
alkalinity (Table 7) have the same cause (although differences in pH 
may also have been important here). 

The analyses for the two critical nutrients, nitrate and phosphate, 
are presented in Tables 8 and 9. Phosphate was present in almost the 
same concentrations and with the same distribution observed in the first 
phase of the project (2) . However, nitrate concentrations both in the 
well and in the model ponds were consistently lower. It is not clear 
why such a change should have occurred. Similar fluctuations in the 
nitrate concentration of water pumped from beneath the Tech farm were 
reported by Wells (60) in 1971 . 

The temperature of the well water is about 19°C. Temperatures rise 
as the water flows through the system in summer, reaching as high as 
30°C. in Pond 9. In winter, ambient temperatures are below that of the 
well water so that temperatures fall as the water passes through each 
series. Temperatures as low as 7°C . have been observed. 

25 
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TABLE 4. DISSOLVED OXYGEN CONCENTRATIONS IN EFFLUENT HOLDING POND, WELL, 
AND MODEL LAKES 

SEHP* 
Well 

1 
2 
3 
4 
5 
6 
7 
8 
9 

High mg/1 

24.0 
2.5 

14.0 
14.7 
16.5 
12.8 
12.3 
15.5 
13.8 
17.2 
15.4 

*South Effluent Holding Pond 

Low mg/1 

4.5 
0.6 
2.0 
5.6 
5.6 
2.8 
5.7 
7.2 
5.0 
6.5 
6.6 

Average mg/1 

9.05 
1.40 
8.96 
9.70 

10.06 
9.38 
9.59 

10.83 
9.65 

11.20 
11.60 

TABLE 5. pH MEASUREMENTS IN EFFLUENT HOLDING POND, WELL, AND MODEL LAKES 

High Low Average 

SEHP* 9.2 7.2 7.87 
Well 8.3 7.1 7. 37 
1 8.3 7.3 7.87 
2 8.3 7. 3 7.84 
3 8.3 7.5 7.92 
4 8. 3 7.6 7.97 
5 8.4 7.5 7.94 
6 8. 4 7.5 8.08 
7 8.3 7.6 8.14 
8 8.4 7.6 8.06 
9 8.8 8. 1 8.52 

*South Effluent Holding Pond 



TABLE 6. TOTAL DISSOLVED SOLIDS IN EFFLUENT HOLDING POND, WELL, AND 
MODEL LAKES 

High mg/l Low mg/1 Average mg/l 

SEHP* 2200 1400 1745 
Well 2400 1900 2175 
1 2400 1900 2144 
2 2400 1900 2156 
3 2500 1900 2225 
4 2600 1900 2222 
5 2500 1900 2194 
6 2700 1850 2285 
7 2800 1900 2311 
8 2600 1900 2216 
9 3100 2000 2655 

*South Effluent Holding Pond 

TABLE 7. ALKALINITY CONCENTRATIONS IN EFFLUENT HOLDING POND, WELLS, 
AND MODEL LAKES 

High mg/1 Low mg/1 Average mg/1 

SEHP* 267 170 215 
Well 484 400 425 
1 440 400 419 
2 467 397 415 
3 480 383 435 
4 450 387 417 
5 450 390 417 
6 490 350 423 
7 483 367 424 
8 460 387 424 
9 493 277 378 

*South Effluent Holding Pond 
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TABLE 8. NO; -~ CONCENTRATIONS IN EFFLUENT HOLDING POND, WELL, AND 
MODEL LAKES 

SEHP* 
Well 

1 
2 
3 
4 
5 
6 
7 
8 
9 

High mg/1 

5.30 
1.26 
1. 20 
1.05 

.85 

.60 

.75 

.60 

.55 

.45 

.40 

*South Effluent Holding Pond 

Low mg/1 

2.36 
.90 
.25 
.40 
.11 
.10 
.07 
o 
o 

.08 
o 

Average mg/1 

3.37 
1.12 

.63 

.74 

.55 

.34 

.42 

.27 

.21 

.29 

.17 

TABLE 9. PO: 3 -P CONCENTRATIONS IN EFFLUENT HOLDING POND, WELL, AND 
MODEL LAKES 

SEHP* 
Well 

1 
2 
3 
4 
5 
6 
7 
8 
9 

High mg/1 

3.1 
.05 
.08 
.055 

1.05 
.06 
.54 
.07 
.07 
.072 
.085 

*South Effluent Holding Pond 

Low mg/1 

.95 

.03 
o 

.015 
o 

.005 
o 

.015 
o 

.01 

.012 

Average mg/l 

1.90 
.041 
.024 . 
.025 
.146 
.033 
.084 
.035 
.040 
. 035 
.038 
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Algal Growth 

When the model ponds were first filled in March, 1973, a dramatic 
bloom of filamentous green algae immediately developed (Figure 9). 
Th 'is initial profuse growth subsided but was followed by numerous smal
ler blooms which have continued at intervals throughout the project's 
duration. Figures 10 and 11 show a particularly intense diatom bloom. 
Diatom blooms have appeared both as a light brown particulate scum on 
the water's surface and as floating clumps of gelatinous material. The 
most severe of these blooms have been followed by fish kills. 

The pattern of blooms has been fairly constant over the years 
(after the blooms associated with filling subsided). During January 
and February, the cold water supports very little algal growth. The 
water is frequently perfectly clear, every detail of the bottom becoming 
visible. As spring approaches, diatom blooms appear. Navicula is the 
predominant species although Amphora, Cymbel1a, Synedra, and Fragilaria 
are present in lesser numbers. During the summer large diatom blooms 
occur (Navicula, Fragi1aria, Synedra, Stavronesis) while such green 
algae as Aukistrodemus, Chlore11a, Phytocousis, and Closterium grow 
steadily but less profusely. In Autumn, light blooms of the green fila
mentous alga Microspora have been observed. 

The pattern of an intense bloom, followed by a series of similar 
but progressively less intense blooms recurring at intervals of a week 
or ten days has suggested that phosphorus cycling may be important in 
regulating the ponds' algal growth. 

Fish Life 

After a four day co1dspe11 in November, 1974, four dead perch were 
found in the model ponds. Seven more Tilapia were found floating near 
the surface in a stuporous condition. These fish were taken to the 
laboratory and kept in aquaria during the winter. 

In early April, 1975, three more perch were found dead in the ponds, 
again after a short co1dspe11. Although it appeared that Tilapia were 
not hardy in Lubbock, the perch which had been protected in the labora
tory were returned to the ponds April 12, 1975. 

After warm weather returned, an attempt was made to evaluate the 
effectiveness of Tilapia in algal control. Algae were enumerated in 
ponds containing perch and in ponds which had none. The results of 
these enumerations were inconclusive. Perhaps the fish were ineffective 
in controlling algae, or perhaps their activities escaped detection 
due to their observed preference for the attached algae on the pond 
sides. These attached algae were not represented in the water samples 
enumerated. It is also possible that the Ti1apia populations in the 
ponds were too small to achieve effective control. 

A major fish kill occurred in pond 7 on May 14, 1975. On May 13, 
a profuse bloom of the crustacean Diaphanosoma and the pond snail 



Figure 9. Mats of Green Filamentous Algae 



Figure 10. Diatom Population 



Figure 11. Closer View of Gelatinous Mats of Diatoms 
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Lymnaea was observed in the tank. The next morning, five bass and three 
catfish were found dead on the surface. A mid-morning water analysis 
revealed that dissolved oxygen concentration in the water was only 0.85 
mg/l at the surface and 2.6 mg/l at the bottom. Table 10 presents the 
dissolved oxygen concentrations at the bottom of all the ponds that 
morning. Ponds 4 and 7 show anomalously low DO concentrations. Since 
the effluent from pond 4 is the influent for pond 7, it is reasonable 
to postulate that an algal bloom in the first pond may have led to the 
crustacean and snail bloom in the second. This latter bloom may have 
so augmented the aggregate respiration in the warm (28°C.) waters of 
pond 7 that DO concentrations fell to levels lethal to fish. 

An air compressor was used to reaerate pond 7. After four days the 
Diaphanosoma and Lymnaea bloom had subsided and the bottom dissolved 
oxygen concentration had increased to 5.5 mg/1. No further fish deaths 
were observed. 

On August 21, 1975, all nine ponds were seined in order to deter
mine how well the various species of fish had been growing . Forty-three 
large-mouth bass were caught. Their average weights and lengths had 
increased very little since they had been placed in the ponds (a period 
of about 14 months). The actual Canyon Lakes will include shallow areas 
more suitable for the small fish and insects which make up the natural 
diet of this predaceous fish . Eight second generation catfish ~ere 
caught which were longer (9 inches) and heavier (1/4 pound) than the 
parent generation had been when the ponds were first stocked . Three of 
these original fish were caught. They were as long as 19 inches and as 
heavy as 2-1/4 pounds. The channel catfish have thus done well in the 
model ponds. 

Late in October, 1975, hybrid sunfish (Lepomis cyaue11a X Lepomis 
maerochirus) we re placed in six of the ponds. A number of minnows were 
placed in a seventh. The sunfish have adapted well to the ponds . None 
have died to date. The minnows disappeared immediately. Presumably 
they were eaten by the bass. 

During the first week of May, 1976, it was discovered that vandals 
had stolen the multiple tray aerator on the inlet to pond 1. Twelve 
dead fish were found in the pond including four Tilapia. The unaerated 
water had a carbon dioxide concentration of 40 mg/l and contained only 
0.6 mg/1 dissolved oxygen . Either of these alone could have caused the 
die-off . No living fish were visible in the pond's extraordinarily 
clear water during May. Later , a few sunfish were observed in the pond 
(having jumped across from pond 2). 

An intense diatom bloom in pond 5 during late June, 1976 was fol
lowed by another major fish kill. Twenty-four dead fish were found, 
seventeen catfish and seven bass. The sunfish were obviously distressed 
(just below the surface, sluggish) but none died. The water temperature 
was 28°C.; the dissolved oxygen concentration at the surface was 1. 4 mg/l; 
and the C02 concentration was zero. No signs of disease or trauma were 



TABLE 10. DISSOLVED OXYGEN CONCENTRATIONS IN PONDS - May 14. 1975 

Pond Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Mid-morning Dissolved OxYgen 
Concentration at the Bottom 
of Each Pond 

9.8 mg/l 
8.7 
7.6 
2.9 

11.5 
6.9 
2.6 
9.9 
8.6 
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observed. Although the exact cause of the fish deaths was not discovered, 
it was almost certainly related to the antecedent bloom (brown gelatinous 
clumps). 

Finally, individual dead catfish have been observed in the model 
ponds at intervals of about ten days throughout the summer and early 
fall of 1976. These appear too frequently to be the victims of natural 
mortality. Moreover, they are invariably only medium-sized fish (about 
10 inches). Probably these fish are stressed by their conditions of 
overcrowding and limited food. They may therefore be exceptionally 
vulnerable to disease and environmental shocks. 

Bacteriological Analyses 

The results of the presumptive and confirmed coliform tests and of 
the standard plate counts performed are presented in Tables 11, 12, and 
13. The ponds are favored watering places for the birds and mammals 
which live in the area. Especially during the seasons of bird migration, 
these animals may be responsible for much of the coliform population or 
the water. Even so, the bacteriological quality of the water remains 
quite good, suitable for primary contact recreation. 

Phosphorus Cycling Experiments 

The results of the three critical phosphorus concentration experi~ 
ments were all similar. Figure 12 presents the data from Experiment III 
which was representative. 

In all three experiments, the initial phosphorus concentration of 
the water prior to the addition of algae was 0.01 mg/l. Within twenty
four hours of the addition of algae, phosphorus concentrations rose 
markedly. This rise might have been due to improper washing of the 
algae. It might also have resulted from the release of stored phosphorus 
from cells which had died and lysed after their transfer to the aquaria. 
Following this initial increase, phosphorus concentrations fell steadily 
during a period of from four to ten days until they reached a low of 
0.005 mg/l. This low concentration was then maintained for periods 
ranging from a week to ten days. 

Examination of Figure 12 reveals that algal biomass continued to 
increase for a short period after phosphorus concentrations had stabi
lized. This increase probably represents the utilization of stored 
phosphorus. Prior to inoculation, the algae had been grown in a phos
phorus-rich medium from which luxurious uptake was probable. 

The slight temporary increases in phosphorus concentration (days 
11 and 13 in Figure 12) which occurred after the intial period of 
stable concentrations were associated with decreases in algal biomass. 
Probably the death and decomposition of a portion of the algal popula
tion had liberated phosphorus which was then available for additional 
growth and reproduction by the remaining cells. After these episodes, 
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TABLE 11. MPN COLIFORMS/100 m1 (Presumptive) 

High Low Log Mean Average 

SEHP* > 24,000 790 6,770 11 ,500 
Well 230 0 15 54 
1 3,500 20 149 630 
2 16,000 20 150 1,680 
3 9,200 0 233 1,400 
4 2,BOO 20 110 495 
5 2,600 0 104 440 
6 3,500 0 172 740 
7 BOO 0 90 205 
8 16,000 0 177 1,990 
9 3,100 a 104 745 

*South Effluent Holding Pond 

TABLE 12. MPN COLIFORMS/100 ml (Confirmed) 

High Low Log Mean Average 

SEHP* >24,000 0 210 2,045 
Well 0 0 0 0 
1 270 0 10 48 
2 460 0 7 65 
3 4,000 0 74 399 
4 220 0 10 31 
5 260 0 11 56 
6 2,900 0 34 345 
7 170 0 11 51 
B 330 0 10 52 
9 2,000 0 1B 213 

*South Effluent Holding Pond 
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TABLE 13. STANDARD PLATE COUNTS (bacteria/ml) 

High Low Log Mean Average 

SEHP* 1.6 X 107 4,000 11 ,000 2.63 X 106 

Well 2,300 213 774 1,069 
1 7,500 400 1,590 2,853 
2 8,100 175 1,057 2,640 
3 10,000 130 1,021 2,676 
4 7,600 230 1,881 3,114 
5 7,600 375 1,539 2,750 
6 8,300 320 707 1,752 
7 8,140 130 1,070 2,180 
8 9,000 150 727 2,841 
9 15,000 406 1,362 4,630 

*South Effluent Holding Pond 
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phosphorus concentrations always fell back to 0.005 mg/l. This would 
appear to be the critical phosphorus level for algal growth in the 
ponds. 

The r~sul~s of the fir~t three phosphorus cycling experiments are 
present~d ln Flgure.13. ThlS set of experiments was intended to reveal 
how rapldly the sedlment would take up 32p with or without the presence 
of b~cteria. 32p was taken up least rapidly by sterile sediment from 
sterlle water and most rapidly by non-sterile sediment from sterile 
water. When neither water nor sediment were sterile, an intermediate 
rate of uptake occurred. These results indicate that the sediment was 
able to remove phosphate from the water rather completely by itself, 
but that bacteria in the sediment accelerated the process and made it 
more nearly complete. When non-sterile water was used, bacteria in the 
water apparently competed with the sediment and sediment bacteria for 
32p. 

The fourth cycling experiment was designed to determine how effec
tively the bacteria were able to take up , 32p in the absence of any 
competition. Initial uptake was very rapid, but the phosphorus concen
tration of the water soon began to rise again (Figure 14). Apparently, 
some other factor became limiting, and bacteria died, lysed, and re
turned 32p to solution. 

The fifth experiment investigated the uptake of bacteria-free 
chlorella vulgaris cells in the absence of competition (Figure 15). The 
algae took up 32p initially just as rapidly as had the sediment and 
bacteria by themselves. They retained the phosphorus which they had 
taken up longer than did the bacteria. Perhaps their ability to obtain 
outside energy in the form of light was partially responsible for this. 

The sum of the percentages of the initially added 32p which were 
found in the water, sediment, bacteria, and algae of the last four 
experiments was not 100 percent. This discrepanc~ was probably due to 
the difficulty of obtaining a homogeneous suspenslon of algal cells 
from which to sample. Since the largest sample~ taken we~e only 50 
microliters any clumping of the algae was partlcularly llkely to cause 
unrepresent~tive sampling. Despite this distortion of the data, the 
trends observed are believed to be reliable. 

The sixth experiment involved baci~ria-free algae ~nd non-ste~ile 
water. The algae took up the soluble P much more rapldly than dld 
the bacteria (Figure 16) . After about the second day, ~he amount of 
32p in the wate r remained fairly stable. Losses from elther the algae 
or the bacteria were offset by gains for the other. 

These results were not those which study of t~e ~iterature would 
lead one to predict. Rigler (46) and Hayes an~ PhllllPS ~47) .h~d 
assigned bacteria an important role in regulatlng the a~allabllltY3~f 

hos horus for algal growth. They observed that bacterla to~k up p 
~eryPraPidlY and withheld it from both the algae and the sedlment. The 
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r~sults of the sixth experiment indicate that the algae were able to 
w1thhold phosphorus from the bacteria in this particular system. 
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Systems 7 and 8 differed only in that the former included sterile 
water and

3
1he lat~er, non-sterile water. The results were also similar. 

Whe~ the P.was 1ntroduced, the algae took up about 60 percent of it 
dur1ng t~e f1rst day: The sediment almost as rapidly took up most of 
the rema1nder. As t1me went on, losses of 32p from the algae were 
taken.up and held by the sediment with the result that the sediment 
conta1ned 75-80 percent of the radio-labeled phosphorus by the end of 
the 14 ~~ ~eri?d. Bacter~a never accounted for more than 10 percent 
of the P 1n ~lth~r exper1ment. The results of the eighth experiment 
are presented.1n F1gure 17. This eighth experimental system most 
nearly approx1mated the conditions which exist in the model ponds. Its 
results s~ould best predict the pattern of phosphorus cycling to be 
expected 1n the Canyon Lakes. 

There are, however, at least two reasons for caution in extrapo
lating these results to the proposed lakes. These experiments were 
conducted on a batch basis. Except for possible nutrient inputs from 
urban runoff, the lakes will be a continuous system. These experiments 
were conducted only for a two week period and only under aerobic condi
tions. In the actual lakes, the sediment might return some phosphorus 
to the water (perhaps under anaerobic conditions). Finally it is possible 
that some distortion in these experimental results came about when 32p 

in bacteria which were adhering to algal cells was counted as algal 
phosphorus. An experimental procedure which more reliably separated the 
algae from the water bacteria would have yielded less ambiguous results. 

Nutrient Inactivation Experiments 

When the inactivants were poured into ponds 7, 8, and 9 early in 
the morning of July 20, 1976, dense billowing clouds of precipitate 
were formed which slowly settled toward the pond bottoms. The compo
sition of these clouds could not be determined but phosphorus determina
tions made immediately after the treatments revealed that the precipi
tates could not have contained phosphorus. Phosphorus determinations 
made during the next two weeks revealed that no significant removal had 
taken place. Concentrations did not remain constant; however,.they were 
as frequently higher as lower than th~ pr~trea~m~nt concentrat1ons. 
During the month following July 20, flve lde~tlflable blooms ?ccurred 
in the three ponds. A sixth bloom occurred.ln pond 7, but thlS last 
bloom originated in pond 4 and washed over lnto the treated tank. 

The laboratory inactivation stu~ies were ~l~o~t un~formly unsuc~ess
ful. When the first series of experlments (u~lllz~ng zlrconyl c~lorlde, 
lanthanum chloride, lanthanum carbonate and Zlrconlum te~rachlorlde at 
the concentrations described by Peterson et al. (48)) falled ~o produce 
any phosphorus removal, it seemed likely ~hat.an error was belng m~de 
in experimental procedure. However, appllcatlon of the same ~echnlque 
to distilled water containing 1 mg/l phosphate phorphorus achleved a 
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better than 99 percent.remova1. It was then hypothesized that since the 
model pond wate~ conta1ned phosphorus concentrations amounting to only 
~.05 to 0.005 t1mes those described in the Peterson et al. (48) report, 
1t would be necessary to use very much higher concentrations of inacti
vant.to remove that phosphorus. However, no inactivant at any concen
trat10n was a~le to remove phosphorus from the pond water. When the 
water was enr1ched to 1 mg/1 phosphorus, zirconium tetrachloride was 
able to effect a 40 percent removal at a molar concentration ratio 
(inactivant to phosphate) of 200 to 1 (10 percent at 100 to 1). This 
degree of removal would proab1y have been ineffectual in controlling 
a~gal gr?wth even if it had been obtainable at the phosphorus concentra
t10ns Wh1Ch actually occur in the ponds. These concentrations are 
almost always well above the .005 mg/1 which has been found to be the · 
critical phosphorus concentration for algal growth in the laboratory. 

Phosphorus cannot be removed by inactivants unless the solubility 
product of the phosphate-inactivant complex is exceeded (although 
physical adsorption has been suggested as a removal mechanism by some 
(48)). This situation is probably unobtainable in the model ponds. 
Moreover, the alkalinity of the pond water is 15 times higher than the 
alkalinity of the C1ine ' s Pond water treated by Peterson et al. (48). 
The ratio of alkalinity to phosphate is almost 300 times higher. This 
alkalinity probably competes with phosphate for inactivant (the inacti
vant carbonates and bicarbonates being highly insoluble). Even if the 
inactivant-phosphate complexes were the less soluble (exact solubilities 
not available), the alkalinity would almost certainly react with most 
of the inactivant because the alkalinity anions, being vastly more 
numerous than the phosphate ions, would have a better statistical chance 
of encountering and reacting with inactivant. 

Viral Assays 

No viruses were isolated by any of the assay procedures performed. 
It seems unlikely that there are actually no viruses either in the 
holding ponds or in the model ponds. Perhaps cO!iphage could have been 
isolated had still more sophisticated concentrat10n procedures been 
employed. However, the negative results of these ~ssays do suggest. 
that viruses will not render the Canyon Lakes ~nsu1tabl~ for.recreat10nal 
use. If the water from beneath the Gray farm 1S bacter10l?glcally 
similar to the water under the Texas Tech farm ~and th~re 1S no reason 
to assume that it isn't), any viruses present w1ll be 1n extremely low 
concentration. 



CHAPTER V 

PRACTICAL APPLICATION OF RESULTS 

The Canyon Lakes Project has been mentioned several times in this 
report. The authors ,believe that this project will, in future years, 
be,recog~ized as a h1storic turning point in Lubbock's development. 
Th1S proJe~t has already ~onverted what amounted to a seven mile long 
open dump 1nto an attractlve, well-shaped open space running, for the 
most.part, ~hrough areas of low cost housing and unattractive commercial 
and 1ndustr1al areas. Several establishments located along the canyon 
have already made significant improvements in their property, and it is 
t~ought th~t most others will follow suit as the project nears comple
t1on. It 1S also expected that developers will find the canyon rim an 
increasingly attractive location for new luxury apartment and townhouse 
developments. 

If these changes occur as expected, the project will have had the 
same impact as an urban renewal project costing scores of millions of 
tax dollars, and it will have been done with private capital. 

This research project, along with Phase I of the same project, and 
Phases I, II, and III of the project "Variation of Urban Runoff With 
Duration and Intensity of Storms", has provided information of vital 
importance to the City of Lubbock in making and keeping its commitment 
to complete the Canyon Lakes Project. All five research projects were 
supported in part by OWRR-OWRT. 

Examples of specific findings that are of immediate benefit to the 
Canyon Lakes Project are the following: 

1. 

2. 

3. 

The finding that the water must be aerated to remove C02 and 
add O2 before being added to the lakes. The high contentration 
of CO 2 and low concentration of O2 were known to exist in per
colated municipal effluent, but "it was thought that exposure 
to the atmosphere for several days would correct the problem. 
This was found to be wrong, and the city has taken advantage 
of this finding by designing all inlets into the lakes as 
attractive fountains that will both aerate the water and en
hance the appearance of the lakes. It is very likely that, 
had this research not been done, fountains would not have been 
built the first stocking of all species of fish would have 
been killed, and funds would not then have been available for 
correcting the problem in so satisfactory a manne~. , 
The finding that percola~ed m~nicipal wastewater 1~ of ent1rely 
adequate quality to perm1 t pnmary ~ontact ~ecreat~ on has m~de 
it very easy for the city to move w1th conf1dence 1n establ 1sh
ing rules governing use of the lakes for secondary contact 
recreation. , d 
The finding that various species of f1Sh thrive and repro uce 
in the water, and that" eating such fish poses,no danger ~o 
human health will allow the city to pr~ceed w1th a ~tock1ng, 
program and to be confident that the f1Sh stocked w~l~ prov1de 
both healthy recreation and wholesome food to the c1t1zens. 
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4. The finding that CUS04, alone, is not an economically feasible 
chemical for controlling excessive algal blooms, but that copper 
citrate is effective and economical will save the city a con
siderable amount of money and experimentation, and preserve the 
aesthetic and utilitarian value of the lakes when inevitable algal 
blooms begin to reach troublesome proportions. 

Based on the above statements, plus the fact that the research 
has enabled several graduate students to gain practical experience in 
the field as well as earning their degrees, it appears that this was a 
very worthwhile bit of research. 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

These studies have further confirmed the suitability of using 
recovered percolat~d secondary effluent as makeup water for recreational 
lake~. The w~ter ~s capable of supporting various types of game fish 
and lS bacterl?loglcally safe for primary contact (although only secon
dary contact wlll be allowed). Viruses have never been isolated from 
t~e water and,heavy metals are not present in unacceptable concentra
tlon. The sOll has provided a high degree of tertiary treatment of the 
percolating effluent so that phosphorus has been almost totally removed. 
Phosphorus availability has therefore seemed the most probable control 
on the growth of algae in the proposed Canyon Lakes. 

Phosphorus cycling studies have revealed that algae will immedi
ately take up most of the phosphorus entering the lakes. Bacteria will 
be important in converting organic to inorganic phosphorus but will have 
a minor role in phosphorus uptake. Over a period of time much of the 
phosphorus will probably be trapped by the sediment. Phosphorus release 
from the sediment is probable especially under anaerobic conditions, 
however, no studies were undertaken regarding this phenomenon. 

Nutrient inactivation using rare earth metals will not be practi
cable in the proposed lakes. Even were the process effective (which it 
is not), the large quantities of inactivant necessary would be prohibi
tively expensive and would pose a potential danger to fish because of 
their toxicity (52). 

If the lakes are not managed correctly, serious algal blooms can 
be expected to occur. Some of these will probably culminate in fish 
kills. 'Copper citrate has been shown to be effective for algal control 
in the high alkalinity water. Commercial organic algicides should also 
prove effective. Diuron provides good control at a dosage or 0.2 mg/l 
every third day , 

Tilapia are probably not a suitable means of biol?gical c?ntro~ of 
algal growth. Their feeding could not be correlated wlth decllnes ln 
algal populations and they appeare~ ~ot to be hardy enou~h ~o~ Lubbock's 
winters. Moreover, various authorltles have expressed mlsglvlngs about 
Tilapia due to their,often explos~ve population grow~h.which allows them 
to displace more deslrable game flSh under some condltlons. 

The limiting phosphorus concentration for algal growth in synthe
tic pond water was found to be only .005 mg/~ . The.phosphorus con~entra
tion of the well water averages over eight tlmes t~l~ ~mount .. It l~ 
therefore likely that phosphorus will not be the llmltlng nutrl~nt ~n 
the proposed lakes, Until it becomes ~lea~ what factor or comblnatlon 
of factors do, in fact, limit growth, lt wlll probab~y.be necessary to 
rely upon palliative measures such as the use of alglc~des rather than 
upon the removal of the underlying cause of the e~cessl~e algal gr?wth 
when operational procedures to preserve the lakes quallty are devlsed. 

Future Research Needs 

Rarely does a full scale system perform in precisely the same 
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manner as a model system. For this reason, the results obtained from 
the model system may not exactly conform to behavior experienced in the 
canyon lakes. The fact that the lake system is very near the final 
stages of completion, however, offers a rare and perhaps unique oppor
tunity to systematically observe, monitor and evaluate predicted and 
extraneous phenomena, thereby all owing "sca 1 e Up" methodology to be 
refined and improved. Also the importance of seemingly insignificant 
factors or of variables that cannot be duplicated from an economic or 
technical standpoint such as undisturbed vs. disturbed bottom sediments 
shoreline slope, fetch and highly variable flow regimes can be gauged. 

In addition, completion of the canyon lakes system will enable re
searchers to conduct studies which will show conclusively the impact that 
urban and rural runoff, as well as highly treated domestic sewage will 
have on receiving waters. Because reliable baseline data can be collected 
at the outs'et, normal perturbations and inaccuracies resulting from his 
torical events can be avoided. The opportunity to initiate such research 
prior to any human disturbance of the system will enable pressing ques
tions to be answered. Among the most important is whether or not large 
expenditures should be made to abate point sources of pol~ution in the 
midst of heretofore unknown impacts resulting from non-polnt sources. 
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